glycoprotein D ͉ HveA ͉ malignant glioblastoma ͉ nectin-1 T he ideal oncolytic drug is one that fully discriminates between normal and tumor cells. Preeminent among such agents are viruses. A property of most viruses is that they have a host range that defines the species and type of cell that can become infected or replicate the virus. An additional advantage of viruses is that they can be genetically manipulated to alter their properties. Attenuated herpes simplex virus 1 (HSV-1), among other viruses, has been tested as a potential oncolytic agent with promising results (1) (2) (3) (4) (5) (6) (7) (8) (9) . Thus viruses attenuated by deletion of the ␥ 1 34.5 genes or ␥ 1 34.5 and the gene encoding the major subunit of the viral ribonucleotide reductase (U L 39) were found to be safe by inoculation into the central nervous system of patients with malignant glioblastoma (4, 7) . The few long-term survivors after such treatment attested to the potential usefulness of these viruses but also exposed their limitation. Because the principal characteristic of viruses tested in clinical trials that enables them to discriminate between normal and tumor cells is that they cannot overcome the host defenses of the former, their ability to replicate and spread among tumor cells is severely restricted and depends in large part on the genotype of the tumor. An ideal virus would retain at least some of the properties of wild-type viruses to replicate and disseminate efficiently from cell to cell but would discriminate between normal and tumor cells by targeting surface proteins that are either unique to or grossly enriched on tumor cells. In the case of HSV-1, the main mechanism of entry into cells consists of two steps (reviewed in refs. [10] [11] [12] . In the first, the viral glycoproteins B (gB) and C (gC) contained in the virion envelope bind heparan sulfate proteoglycans on cell surfaces. In the second step, the conformation of the viral glycoprotein D (gD) becomes altered as a consequence of its interaction with one of two cell surface receptors, HveA, a member of the TNF-␣ receptor family of proteins, or nectin-1, a member of a family of proteins that forms the intercellular networks that link cells together (10, 13, 14) . The change in the conformation of gD is thought to enable a trio of glycoproteins, gH, gL, and gB, to interact with gD and enable the fusion of the envelope with the plasma membrane (15, 16) . Subsequent to the fusion event, the capsid is transported to a nuclear pore where it releases the viral DNA directly into the nucleus (17) . The goal of the studies described in this article was to genetically engineer HSV-1 so that it does not bind heparan sulfate proteoglycans and its entry into cells requires recognition of cell surface markers other than HveA or nectin-1.
In principle, viruses can be retargeted in two different ways. The first is to tag virion surface proteins with a single-chain antibody that recognizes a novel receptor. The extent to which such viruses interact solely with the intended receptor hinges on several factors, but primarily on the nature of the epitope recognized by the antibody (18) . The second approach is to incorporate into the virion surface natural ligands for proteins unique or enriched on the tumor cell surface. We have chosen the second approach. In the first phase of these studies we constructed a virus (R5111) that was capable of entering cells via the IL-13␣2 receptor (IL-13R␣2) but which retained the capacity to enter cells via HveA or nectin-1 (19) . The IL-13R␣2 is monomeric and present in malignant glioblastomas and highgrade astrocytomas; it has also been reported to be present in normal testes (20, 21) . We have used the same design to construct a recombinant virus capable of entering cells via the urokinase plasminogen activator receptor while still retaining the capacity to enter cells via HveA or nectin-1 receptors (22) . In this article we describe the further modification of a virus that enters cells solely via the IL-13R␣2 protein. This study establishes the proof of principle that viruses can be targeted to specific single proteins on cell surfaces.
Results
Construction of R5141 Recombinant Virus. The construction of a mutant dependent on IL-13R␣2 for entry into cells took place in two stages. The first reported earlier involved the construction of a recombinant virus, R5111, that was able to enter cells via the IL-13R␣2 but retained the ability to enter cells via the HveA or nectin-1 receptors. The structure of this recombinant is shown in Fig. 1 , lane 1. Briefly, in the R5111 mutant virus the polylysine tract in gB was removed and the first 132 residues of gC were replaced with the amino acid sequences encoding IL-3. The objectives were 2-fold, to remove the sites that enabled gB and gC to bind to heparin sulfate proteoglycans as described by Laquerre et al. (23) and at the same time to increase the affinity of the virus particle to the surface of cells expressing the IL-13R␣2. To specifically target the IL-13R␣2, the coding sequence of IL-13 was inserted between amino acids 24 and 25 of gD. As previously reported, the entry and initiation of infection by R5111 recombinant virus of cells expressing the IL-13R␣2 protein on their surface totally depended on the interaction of IL-13 present on the surface of the virus with the cognate receptor inasmuch as soluble IL-13 competed with the virus for the receptor (24) .
The objective of the second stage reported here was to construct a recombinant virus that was unable to bind nectin-1 or HveA receptors. These studies were done in three phases. In the first phase we made linker insertions in the chimeric gD gene contained in the R5111 recombinant virus. The basis for the construction of this series of recombinants stemmed from reports that suggested that mutations in gD distant from the known sites of interaction of gD with HveA abolished the ability of the mutant gD to interact with nectin-1. Thus gD-carrying substitutions in residues 11, 27, 28, 29, 30, 40 , and 43 were reported to bind nectin-1 but not HveA (25) . In another study (26) substitutions of residue 38 disabled gD in fusion assays. Still another study (27) reported that double or triple amino acid substitutions at positions 215, 222, and 223 of gD precluded attachment to nectin-1 and corresponding inability to function in fusion assays. These results suggested that the binding sites in gD for HveA and nectin-1 did not overlap. As shown in Table 1 , a common and unexpected characteristic of the R5200 series of mutants is that they retained the capacity to infect and replicate in J-nectin-1 cells but exhibited a reduced capacity to replicate in J-13R or J-HveA cell lines relative to those of the wild-type virus or the parent R5111 virus.
The construction of the recombinants in phase 2 of this study was based on the hypothesis that the functional interactions between gD and HveA or nectin-1 overlap and occur at the amino terminus of gD and that modifications of gD at sites distant from the amino terminus interfere with the interactions of the altered protein with HveA or nectin-1. The key mutations designed to test this hypothesis are illustrated in Fig. 1 and Table  1 . Specifically, the key mutations are as follows.
(i) In recombinant R5121 and R5113, the chimeric gD retained its signal peptide sequence but residues 1-24 or 1-32 were replaced with the coding sequence of IL-13. These recombinants failed to replicate or replicated poorly in any of the cell lines tested. (ii) In recombinant R5123, the signal peptide sequence of gD was replaced with that of IL-13. In addition, the coding sequence of IL-13 replaced the residues 1-32 of gD. We selected three clones for analysis. The clone shown in Table  1 replicated better in J-13R cells than in J-nectin-1 cells and failed to replicate in J-HveA cells.
In the third phase of these studies we introduced mutations in the sequences immediately upstream from residue 33. In the chimeric gD genes constructed to make additional recombinant viruses we substituted Val-34 with Ser, Arg-35 with Asn, Arg-36 with Asp, Val-37 with Ser, or Tyr-38 with Ser, Asn, Asp, or His. The only constructs that yielded viable viruses were the substitutions of Val-34 with Ser (R5141) and Val-37 with Ser (R5144). Of the two recombinants only R5141 replicated in J-13R cells but not in J-nectin or J-HveA cells ( Fig. 2 and Table 1 ). The recombinant was also replicated and produced plaques in the Vero-13R cell line but not in the parental Vero cells (data not shown). The plaques were smaller than those made by wild-type parent virus; they could be readily counted and indicated that the virus spread from infected to adjacent, noninfected cells. However, the yields of R5141 in IL-13R␣2-expressing cells were Ϸ100-fold lower than those obtained from wild-type virus in cells expressing HveA or nectin-1 receptor ( Fig. 2 and Table 1 ). Fig. 1 . Schematic representation of the sequence arrangements of the wild-type parent virus HSV-1(F) and R5111 and the chimeric gD contained in recombinant viruses R5121, R5113, R5123, R5141, and R5144. In all recombinant viruses, residues 68 -78 of gB were deleted and IL-13 was inserted in place of residues 1-140 of gC. In R5111, R5121, and R5113, the signal sequence and residues 1-24 of gD were retained. In R5123, the residues 1-33 were deleted and only the signal peptide sequence of gD was retained. In R5141 and R5144, the signal peptide sequence of gD was replaced by that of IL-13. In addition, these two chimeric gDs contain additional amino acid substitutions as shown. The IL-13 inserted in R5121 and R5113 recombinant viruses carried the E13Y mutation, in which the glutamic acid was substituted by tyrosine. E13Y substitution restricts IL-13 binding to the IL-13R␣2 (52). R5121, R5141, and R5144 carried a wild-type IL-13 copy in gD. J-nectin, J-HveA, or J-13R cells grown in 25-cm 2 flasks were exposed to 0.1 pfu of wild-type or recombinant virus per cell. The cultures were harvested 24 h after infection. Progeny virus was titrated on Vero-13R cells.
The experiments described below were designed to characterize the R5141 recombinant virus with respect to entry into cells and growth properties.
The Recombinant R5141 Depends on the Interaction of the IL-13 Component of Its Envelope with the IL-13 Receptor for Virus Entry into
Cells. Although we earlier demonstrated that the recombinant R5111 enters cells via its interaction with IL-l3R␣2, it was essential to determine whether R5141 recombinant enters J-13R cells by the same pathway and whether it also depends on IL-13R␣2 for entry into the Vero-13R cell line. In this series of experiments J-13R or Vero-13R cells were mock-treated or exposed to 1 or 10 ng of IL-13, IL-2, or IL-4 for 1 h. The cells were then exposed to 0.1 plaque-forming units (pfu) of virus per cell. The cells were harvested 24 h after infection, and the virus was tittered in Vero-ILR cells. The results are shown in Fig. 3 . The experimental design was based on the report that IL-13R␣2 is internalized after binding IL-13 and therefore the receptor would not be available for viral entry (28) (29) (30) . As predicted, exposure of J-13R or Vero-13R cells to IL-13 significantly decreased viral replication, whereas IL-2 or IL-4 had no effect.
R5141 Recombinant Virus Does Not Depend on Endocytosis for Entry
into J-13R or Vero-13R Cells. HSV-1 enters cells by one of two mechanisms. The first involves the fusion of the envelope with the plasma membrane followed by the release of capsidtegument structures into the cytoplasm. Uptake of virions by endocytosis constitutes an alternative mode of entry, which does not require the interaction between gD and its cell surface receptor. However, subsequent events depend on the presence of at least a portion of gD in the environment of the infected cell. In the absence of gD, the endocytosed virion is degraded. Because R5141 recombinant virus carries a chimeric gD containing all but 33 residues of the native protein, it might be expected that endocytosed virions could infect cells. The question arose, therefore, whether R5141 enters cells by endocytosis. The experimental design of these studies was based on the results reported earlier that the inhibitor PD98095 blocked the replication of a gD mutant in a cell line expressing gD and exposed to gD recombinant virus (24) . Consistent with the experimental design reported earlier (24) , replicate cultures of Vero, J-13R, or Vero-13R cells were mock-treated or incubated in medium containing PD98095 (30 M) for 1 h and then exposed to 0.1 pfu of R5141 recombinant virus or the wild-type HSV-1(F) virus per cell. As expected, wild-type virus replicated in Vero and Vero-13R but not in J-13R cells. The inhibitor PD980959 had no effect on the replication of HV-1(F) or R5141 virus in cells susceptible to infection (Fig. 4) . We conclude that the R5141 recombinant virus did not depend on endocytosis for entry and replication in J-13R or Veo-13R cells. 
Comparison of Viral Gene Expression of R5141 Recombinant Virus in
Vero and Vero-J-13 Cells. In this series of experiments Vero or Vero-13R cells grown in 25-cm 2 flasks were exposed to 1.0 pfu of HSV-1 or R5141 virus per cell. The cells were harvested 24 h after infection and processed as described in Materials and Methods, and 100 mg of protein was loaded on a denaturing gel and subjected to electrophoresis, then electrically transferred onto a nitrocellulose sheet and reacted with a monoclonal antibody against infected cell protein (ICP) 0, gC, gM, gD, gG, U L 38, or U S 11. The results shown in Fig. 5 were as follows:
(i) As expected, viral proteins were not detected in Vero cells exposed to R5141 recombinant virus because the recombinant does not infect these cells.
(ii) Except for the chimeric gD, R5141 recombinant virus produced in Vero-13R cells amounts of viral proteins tested in these assays that were nearly equivalent to those made by the wild-type parent virus in Vero or Vero-13R cells. Neither the antibody H170 to the amino-terminal domain deleted in R5141 recombinant nor the ZC25 antibody to the carboxyl-terminal domain detected significant amounts of the chimeic gD protein in these assays. IL-13 gD chimeric protein was readily detected in immunoprecipitates from R5141 virus-infected cells labeled with [ 35 S]methionine (data not shown).
Discussion
Ever since humans embarked on a search for therapeutic agents, the implicit idealized objectives were to find drugs that would be maximally effective and minimally harmful. In the case of the current treatment of cancer, this objective has not been met. (31), the key function of many of the viral genes is known, and the genome contains a wide repertoire of genes suitable for genetic engineering in all of the categories listed above (32) . Thus replication-incompetent viruses that remain cytotoxic, albeit unable to complete the replicative cycle, result from deletion of genes encoding the regulatory ICPs 0, 4, 22, 27, and 4 (cited in ref. 32 ). Replication-competent viruses restricted to reproduce solely in dividing cells result from deletion of genes encoding viral thymidine kinase or ribonucleotide reductase (33) . The premier example of a gene essential to overcome host defenses and therefore a suitable target for deletion is ␥ 1 34.5 described earlier in the text (34) . The inherent problem in using recombinant viruses from which one or more of these genes have been deleted is that either they retain an unacceptable level of pathogenicity or they do not fully discriminate between normal and tumor cells. Although they do not replicate or spread in normal cells, the limited viral gene expression is nevertheless cytotoxic to the infected normal cells. The defect that prevents viral replication in the normal cell is also manifest to only a slightly lesser degree in tumor cells. In the end, effectiveness of a virus hinges on the genotype of the tumor cell. For example, tumor cells in which protein kinase R is activated after infection are likely to be far more resistant to the replication of ⌬␥ 1 34.5 mutants than tumors in which the kinase is not activated (35) . Attempts to overcome this problem by insertion of genes that encode nonviral cytotoxic agents (e.g., cyclophosphamide, etc.) (36, 37) , insertion of cellular genes that bolster immunity to tumors such as IL-4 or IL-12 (38-40), or combined use of ionizing radiation and virus (41) are alternatives still being tested. The pathway we have chosen is not to restrict the capacity of the virus to replicate by gene deletion but rather to retarget the virus to novel receptors present in abundant amounts on tumor cells but not on normal cells. We have selected for this purpose the IL-13R␣2 present in human malignant gliomas, high-grade astrocytomas, and less frequently in other tissues. In normal tissues it has been reported to be present in human testes, but not in other tissues. In this article we described the construction and initial characterization of a recombinant virus that targets the IL-13R␣2. The issues relevant to this study are as follows: The R5141 recombinant virus enters cells by its interaction with the IL-13R␣2 inasmuch as depletion of the receptor from the cell surface by exposure of the cells to soluble IL-13 significantly reduces virus yields. We have also shown that the R5141 recombinant does not depend on endocytosis for entry into cells. The results indicate that entry into cells is therefore receptor-mediated at the surface of the cells exposed to this virus. The key feature that differentiates this virus from all previous attempts to construct targeted viruses (e.g., R5111, R5200 series, R5123) is that it is unable to enter cells via an interaction with the natural viral receptors HveA or nectin-1. Furthermore, the deletion of the poly(K) sequence in gB and the replacement of the amino-terminal domain of gC with IL-13 should render the R5141 recombinant incapable of binding to the heparan sulfate moiety on cell surfaces. Elsewhere, we have reported the construction of a virus (R5181) capable of entering and replicating in cells via the urokinase plasminogen activator receptor (22) . A key property of the target receptor is that it is bound to the cells surface by a glycosylphosphatidylinositol anchor. Replication of R5181 recombinant virus is abolished by digestion of cells expressing this receptor with phosphatidyl inositol-specific phospholipase C. These results suggest that the construction of viruses targeting specific cellular surface proteins is not restricted to a specific class of receptors (22) .
Finally, the R5141 presents two puzzles that remain to be resolved. The first concerns the accumulation of low, virtually undetectable levels of the chimeric gD. The mechanism underlying this gross decrease in the accumulation of this protein is unclear. It is conceivable that IL-13 fused to the amino-terminal domain of gD imparts on the chimeric protein a shorter half-life or that it interacts with the receptor in cellular membranes and is degraded. An earlier report concerning a viral mutant that had a similar property concluded that the amounts of gD required for viral infection need not be very large (42) . It remains to be seen whether the lower yields of R5141 relative to those of wild-type parent virus are related to the low levels of the chimeric gD.
The second problem relates to the actual mechanism that enables the entry of HSV into cells. Biochemical data (15) supported by structural studies (16) unambiguously indicate that the interaction of gD with its receptor results in a conformation change that most likely enables the interaction of gD with fusogenic viral glycoprotein and ultimately the fusion of the envelope of the virus with the plasma membrane. Because the interaction of the chimeric gD with its novel receptor occurs through an extension of gD that presumably does not impinge on the structure of the unmodified gD residues, the question arises as to how the altered interaction enables the conformational change in gD that permits the fusion of the envelope with the plasma membrane. Elucidation of this problem may enable the design and construction of more efficient chimeric gD structures.
The studies reported here pave the way for the construction of viruses that target other receptors suitable for both destruction of cancer cells or delivery of life-saving genes to cells that need them.
Materials and Methods
Cells. Vero cells were obtained from the American Type Culture Collection and maintained in DMEM supplemented with 10% FBS. J1.1, a derivative of a baby hamster kidney (BHK) thymidine kinase-negative cell line, lacks both HveA and nectin-1 HSV-1 receptors (43). J-HveA and J-nectin-1 cell lines, expressing HveA and nectin-1, respectively, were derived from the J1.1 cell line and were kind gifts from G. Campadelli-Fiume (University of Bologna, Bologna, Italy). The cell lines J-13R and Vero-IL-13 derived by transfection of J1-1 and Vero cell lines with a plasmid encoding the IL-13R␣2 have been described (24) .
Viruses. The gDϪ͞Ϫ mutant lacks both the gD gene and the gD protein in its envelope. gDϪ͞Ϫ virus enters cells by endocytosis, and at high multiplicities in the absence of complementing gD it causes cells to undergo apoptosis (44) . The recombinant virus R5111 has been described (19) .
The R5200 series of recombinant viruses (R5208, R5209, R5212, R5213, R5216, R5217, R5220, R5221, R5225, R5231, R5237, R5239, R5239, R5240, and R5242) listed in Table 1 express mutagenized linker-insertion mutant gD originally obtained from R. J. Eisenberg and G. H. Cohen (University of Pennsylvania, Philadelphia). They were further modified by insertion of IL-13 between residues 24 and 25 as in the recombinant virus R5111. The procedures for construction of the recombinant viruses carrying the gD linker-insertion mutants have been described (45) . In the recombinant R5121 virus IL-13 was inserted after the signal peptide of gD at residue 25 of gD. The sequences encoding residues 1-24 of gD were deleted. In R5113 recombinant, IL-13 was inserted between the signal peptide and residue 33 of gD, replacing residues 1-32.
Reagents. The endocytosis inhibitor PD98059 was purchased from Cell Signaling Technology (Beverly, MA). IL-13, IL-4, and IL-2 were purchased from Research Diagnostics (Flanders, NJ).
Virus Titrations. Replicate cultures of J-13R, J-HveA, J-nectin, and Vero-13R were exposed to 0.1 pfu of recombinant viruses or the wild-type parental HSV-1(F) virus per cell. After 24 h of incubation, the cells were harvested and disrupted by gentle sonication. Viral progeny were titrated on Vero-13R cells.
Antibodies. Monoclonal antibodies against the amino-terminal sequence of gD clone H170 (46) or ICP0 (clone H1083) (47) were purchased from the Goodwin Institute (Plantation, FL). Monoclonal antibodies against gC (19) , gM (48) , gG (49) , U L 38 (50) , and U S 11 protein (51) have been described. The ZC25 antibody to the carboxyl-terminal domain of gD was the kind gift of G. H. Cohen and R. J. Eisenberg.
